Peptaibols are small linear fungal peptides which are produced in the marine environment. They exhibit neurotoxicity by forming pores in neuronal membranes. This work describes their combine effect with domoic acid, a neurotoxic phycotoxin, on Diptera larvae. The Acute toxicity bioassay on this biological model was tested with a panel of different toxins (microbial, algal or fungal). It allowed the discrimination of neurotoxins and non-neurotoxic toxins, and an evaluation of the toxicity level (MED and ED 50 ) which were correlated with published LD 50 in mice for neurotoxins tested. The highest activities on this test were found for Na + channel blockers tetrodotoxin (ED 50 = 0.026 mg/kg) and saxitoxin (ED 50 = 0.18 mg/kg). Domoic acid was less active with an ED 50 = 7.6 mg/kg. For synergism study, longibrachin-A-I, a 20-mer peptaibol isolated from cultures of a marine-derived strain of Trichoderma longibrachiatum Rifai was chosen. Bioassay results confirmed its neuroactivity. Its level of toxicity (ED 50 = 270 mg/kg) was lower than those of phycotoxins tested but higher than mycotoxin ones. Injected together, longibrachin-A-I and domoic acid exhibited an increase of their activities. With doses of longibrachin-A-I below its Minimal Effective Dose (MED), the synergism factor which expresses the enhancement of domoic acid toxicity could reach 34.5. Both domoic acid and longibrachin-A-I are acting on ion channels and pores in neuronal membranes which contribute to the intake of Ca 2+ into cells.
Enhancement of domoic acid neurotoxicity on

Introduction
In the beginning of the 90's, several unexplained toxicity episodes of cultured shellfish took place along the French coast (Amzil et al., 1996) . Neither known toxins nor chemical pollutants could be found in sufficient amounts to explain observed toxicities. A new hypothesis was then established involving a fungal origin. For that purpose, fungi were isolated from shellfish and sediments, and tested for their toxicities (Sallenave-Namont et al., 2000) . Several strains of the genus Trichoderma exhibited a high level of acute toxicity on Diptera larvae, and accumulation of their toxic metabolites by mussel in laboratory conditions was demonstrated to be possible (Sallenave et al., 1999) . Toxic metabolites produced by Trichoderma sp. strains were identified as peptaibols, small linear peptides, with a length ranging from 11 to 20 amino acid residues, which create ion channels in postsynaptic membranes (Landreau et al., 2002 ; Mohamed-Benkada et al., 2006 ; Ruiz et al., 2007) . Recently, peptaibols have been identified in natural sediment and shellfish samples, indicating the effectiveness of the development of Trichoderma sp. in the marine environment and their ability to contaminate shellfish (Poirier et al., 2007a) .
Previously, Trichoderma sp. strains had already been isolated from shellfish of the area of Prince Edward Island (Canada) (Brewer et al., 1993) . This work was completed after an atypical episode of human intoxication by cultured blue mussels (Mytilus edulis) which led to the identification of domoic acid as the causative agent of the toxicity (Wright et al., 1989) . This neurotoxic amino acid was shown to be produced by the pennate diatom Pseudo-nitzshia pungens (Bates et al., 1989; Smith, 1993) . It is a neurotransmitter amino acid that binds to one of the synaptic receptors of glutamic acid known as the kainic-acid receptor. It allows sodium ions to enter the postsynaptic membrane, inducing an increase in the permeability of calcium ions that leads to cell dysfunction or death, producing head-ache, confusion, disorientation and loss of memory (Hampson et al., 1992; Brown and Nijjar, 1995; Hampson and Manolo, 1998; Pulido, 2008) . This last symptom is the origin of the name of these intoxications which are called Amnesic Shellfish Poisonning (ASP).
Later on (1991) (1992) (1993) various episodes of razor clam toxicity due to domoic acid were reported (Wekell et al., 1994) . Surprisingly the toxicities observed were higher than those expected with the level of domoic acid contamination (Todd, 1993) . The presence of another compound enhancing domoic acid toxicity could be suspected. A first proposal was made by Novelli et al. (1992a and 1992b) who demonstrated that, in neuronal cultures, domoic acid-containing mussel extracts were more toxic than pure domoic acid. This was the result of its potentiation by glutamic and aspartic acids present in mussel tissue. Nevertheless the synergism factor which represents the increase of toxicity of domoic acid did not exceed 3.5. This was less than the difference described by Todd (1993) .
Considering that Trichoderma sp. strains can contaminate shellfish and are able to produce neurotoxic peptaibols, it could be interesting to study the combined effect of domoic acid and peptaibols on a neurotoxicity bioassay. For that purpose, acute toxicity on Diptera larvae could be appropriate as it has been demonstrated to be a suitable tool for monitoring neurotoxic compounds (Zdarek and Fraenkel, 1987) . To evaluate if this bioassay was adapted for the present study, various marine and fungal toxins were tested before evaluating the combined effects of domoic acid and longibrachin-A-I, one of the long peptaibols (20 residues) produced by marine-derived strains of Trichoderma longibrachiatum Rifai and observed as a contaminant in natural marine samples (Poirier et al., 2007a) .
Material and Methods
Control toxins and peptaibols
Domoic acid, okadaic acid, brevetoxin PbTx2, saxitoxin, citrinin, fumonisin B1, ochratoxin A, patulin, -nitropropionic acid, gliotoxin and tetrodotoxin were obtained from Sigma Chemical Co. (St. Louis, MO). Ryanodin was obtained from Latoxan (Rosans, France). Penicillic acid was purified by flash chromatography and selective crystallization from solid cultures of a marine strain of Penicillium sp. (strain MMS 351). Communesin B was obtained by isolation from solid cultures of a marine strain of Penicillium expansum Link ex Gray (strain MMS 42) according to the protocol described in Kerzaon et al. (in press ). Longibrachin-A-I was isolated from solid cultures of a marine-derived strain of Trichoderma longibrachiatum Rifai (strain MMS 151). Extraction and purification were performed according to the method described by Poirier et al. (2007b) . Identification and purity control of isolated toxins and peptaibols were carried out by mass spectrometry using an electrospray ionization-ion trap mass spectrometer (ESI-IT/MS) (LCQ, Finnigan, Thermo Separation Products, San Jose, CA, USA).
Acute toxicity test on Diptera larvae
2.2.1. Larvae All the assays were performed with larvae of the blue fly Calliphora vomitoria L. which were at the last stage before pupariation. The larvae were obtained from fishing supply stores.
Test solutions
Substances to be tested were dissolved in distilled water, using organic solvents in the following proportions: aqueous MeOH or DMSO 15% and aqueous EtOH 5% maximum (dichloromethane, acetonitrile, and ethyl acetate were not used because of their toxicity for the animal). Penicillic acid was dissolved in 0.01N NaOH. Ranges of dilutions were prepared with concentrations depending on the level of toxicity of the different toxins.
The assay
Test solutions were injected at a rate of 0.1 µL per mg of larval body weight (e.g. 7 µL injected for 70 mg larvae) using a 10 µL microsyringe with a thin hypodermic needle (Hamilton, Bonaduz, Switzerland). The needle was inserted into the ventral side at the level of the last abdominal segment and penetrated a third of the animal's length before the product was slowly injected. The time (T) required for immobilization of the animal after injection was measured in seconds. A minimal T value of 5 s was used for immediate immobilization or with a very small delay. If no immobilization occurred after 10 min (600 s), the test was considered negative. Three replicates were tested for each dose.
Results expression
To represent the activity/dose relation, the curve 500/T = f ((injected concentration) was drawn (Fig 1) . The Minimal Effective Dose (MED) is the lowest concentration tested which produces an immobilization of larvae. The mid Effective Dose (ED 50 ) is determined at mid-slope and the Maximal Activity Level (MAL) is the maximal 500/T ratio obtained for the toxin tested.
Potentiation of domoic acid by constant added doses of longibrachin-A-I
To study the potentiation of domoic acid by longibrachin-A-I, three sets of solutions containing both toxins were prepared and tested. Each set was prepared with series of dilutions (1/2) of domoic acid ranging from 4.9 to 62.5 mg/kg and a constant concentration of longibrachin-A-I, 50, 150 and 250 mg/kg for set 1, 2 and 3 respectively.
Results
Response of Diptera larvae to known non-protein toxins
In order to use acute toxicity on Diptera larvae as a biological test for the detection and study of non-protein neurotoxins, various control toxins were tested. For each toxin, activity/dose curve was drawn and three values were determined: MED (Minimal Effective Dose) which is the first concentration producing an immobilization of the larvae, MAL (Maximal Activity Level) which is equal to 100 if an immediate (T  5 s) immobilization is obtained and ED 50 which represents the mean activity of the toxin. All values obtained are given in Table 1 . The level of toxicity was highly variable for the different toxins tested. Diptera larvae showed adequate sensitivity to the marine phycotoxins, particularly tetrodotoxin (MED = 0.00025 mg/kg) and saxitoxin (MED = 0.05 mg/kg) which are both Na + channel blockers. For domoic acid, two commercial batches were tested. ED 50 were quite similar for the two batches but with the second one, it was impossible to obtain the immediate immobilization, even with higher doses and the MAL stayed at a very low level (MAL = 5). Active mycotoxins were less effective than phycotoxins (ED 50 nearly 1000 times higher). Nevertheless, for neuroactive compounds, MED on Diptera larvae and LD 50 in mouse were correlated (r = 0.729).
Immediate immobilization (MAL = 100) was obtained with all neuroactive compounds. Non-neurotoxic substances could give a positive response on the test (e.g. okadaic acid) but never gave immediate immobilization, regardless of the dose used. These results confirmed that immediate immobilization should be specific of a neurotoxic activity and could be used to detect it.
Activity of the marine peptaibol longibrachin-A-I
Longibrachin-A-I has been identified from a culture of Trichoderma longibrachiatum (Leclerc et al., 1998) . It had also been isolated from Gliocladium deliquescens with the name of Gliodesquin A (Brückner and Przybzlski, 1984) and from T. koningii with the name of Trichokonin-VI (Huang et al., 1996) . As these names were synonyms and we chose to use longibrachin-A-I associated to T. longibrachiatum, which was the species of the strain used in this work. Longibrachin-A-I was chosen because it is one of the most common and abundant peptaibols produced by marine-derived strains of Trichoderma sp. and it had been observed in natural samples (Poirier et al., 2007a) . Its activity on Diptera larvae was determined leading to an ED 50 = 270 mg/kg with a MED = 250 mg/kg and a MAL = 100 (Fig. 1) . Due to this MAL, longibrachin-A-I can be ranked among the compounds exhibiting neurotoxicity and its level of toxicity on that model was at least ten times higher than those of known mycotoxins tested. Fig. 1 . Activity/dose curve of longibrachin-A-I on Diptera larvae. Black arrows indicate the concentrations used for the study of potentiation of domoic acid toxicity by addition of constant doses of longibrachin-A-I.
Combined toxicity of domoic acid with longibrachin-A-I
To study the combined toxicity of domoic acid and longibrachin-A-I, ranges of dilutions of a domoic acid solution with addition of constant concentrations of longibrachin-A-I were tested. Three concentrations (black arrows on Fig. 1) were selected from the activity/dose curve of longibrachin-A-I corresponding to the MED (250 mg/kg) and two infra-MED doses (150 and 50 mg/kg). Dose/activity curves expressed in domoic acid concentrations are given in Fig. 2 . ED 50 obtained and corresponding calculated synergism factor (SF) as defined by Novelli et al. (1992a) , are given in Table 2 . The results showed an evident effect of potentiation with a high logarithmic correlation (r 2 = 0,988) between ED 50 of domoic acid and added doses of longibrachin-A-I. 4. Discussion
Acute toxicity on Diptera larvae
Acute toxicity on Diptera larvae has been used in different ways for different purposes but always to detect a neurotoxicity. First use was injection in larvae for detection of toxins in scorpion venom (Zlotkin et al., 1971) . For that purpose, the test was considered positive if larvae were immobilized for at least 5 s. Zdarek and Fraenkel (1987) observed pupariation of the larvae after administration of toxic compounds to evaluate toxicity. Labrousse and Matile (1996) gave toxic moray eel flesh for breeding Diptera larvae of different species to detect ciguatoxin. Death or immobilization of larvae were observed and larvae were weighed after 24 h of breeding. This protocol was also tested with various other toxins such as tetrodotoxin and okadaic acid for marine toxins, and amanitin or aflatoxin B1 for fungal toxins. They observed toxicities which were expressed by a detection limit per g of contaminated fish flesh but the exact amount of toxin ingested by each larva could only be estimated. Direct injection into the larva can solve the problem of exact injected quantities. This is essential to evaluate toxicities of tested compounds. Furthermore, as fly larva can be described as a watertight bag containing an haemolymph liquid in which all organs are floating, compounds injected into the heamolymph will reach all structures, specially neurons and nervous ganglion, without any barrier to cross or chemical transformation to be subjected to.
Potentiation of domoic acid toxicity
Domoic acid has been described to be a potent agonist for kainate and AMPA subclasses of ionotropic non-Nmethyl-D-aspartate (non-NMDA) glutamate receptors (Hampson and Manalo, 1998 ) and has been classified as an excitatory amino acid (EAA) (Novelli et al., 1992b) . Indeed, domoic acid increases the release of EAA such as glutamate after activation of non-NMDA receptors and the EAA efflux activates NMDA receptors secondarily involving calcium influx into the cell (Terrian et al., 1991; Berman et al., 1997) . Moreover, domoic acid was also described to activate directly NMDA receptors involving calcium influx into the cell (Tasker et al., 2005) . Both activation of NMDA and non-NMDA receptors induce membrane depolarisation which activates voltage sensitive calcium channels of L-type, increasing calcium intake (Berman et al., 2002) . Direct activation of voltagedependant calcium channels to promote influx of calcium was also reported by Brown and Nijjar (1995) .
Peptaibols form a large group of amphiphilic, non-ribosomal peptide antibiotics, which are rich in the nonproteinogenic -aminoisobutyric acid (Aib) (Degenkolb et al., 2008) . The peptaibol backbone generally forms an amphipathic helical structure due to the conformational constraints imposed by the Aib residues. Their helical structures allow peptaibols to interact with natural and artificial bilayers increasing membrane permeability (Rebuffat et al., 1999; Peltola et al., 2004; Whitmore and Wallace, 2004) . Peptaibols are known to form pores similar to endogenous sensitive calcium channels, involving calcium influx into the cell. They also activate voltage sensitive calcium channel of L-type, involving a Ca 2+ influx into the cell (Tachikawa et al., 1991; Huang et al., 1994; Grigoriev et al., 1995; Wada et al., 1996) . Potentiation level observed was higher than that described by Novelli et al. (1992a and 1992b) with glutamic acid: even with the lower dose tested of longibrachin-A-I (50 mg/kg) which gave a synergism factor of 4.2 where glutamic acid gave only 3.5. Domoic acid and longibrachin-A-I both contribute to an intake of Ca 2+ into the cell. Potentiation could then result of a magnified increase of intracellular Ca 2+ concentration. Nevertheless to verify it, cellular and electro-physical experiments should be realized.
Conclusion
A potentiation of domoic acid activity on Diptera larvae by longibrachin-A-I was observed. To go further in this potentiation phenomenon, it would be necessarily to study the combined effect of domoic acid and peptaibols in mice. It would also be interesting to study combine effects of peptaibols (as longibrachin-A-I) with emerging marine toxins such as spirolids, cyclic imine toxins which would exert their toxic effects through alteration of ion conductance at the level of the plasma membrane (primarily Ca 2+ ), acting on some acetylcholine receptors (Gill et al., 2003; Cembella and Krock, 2008) .
